It is known that compound parabolic concentrators (CPCs) can improve electrical performance of a photovoltaic (PV) flat-plate system. However, a lumped electrical model of a PV cell/module with CPC for assessing performance under different operating conditions is unavailable. In this paper, a sixparameter based model is developed and applied to a PV cell, two PV models with CPC, and a PV module with 2D asymmetric CPC (trough). For validation, CPC with a single PV cell and two CPC modules with 2 Â 2 and 9 Â 9 PV cells are fabricated and measured in an indoor laboratory under standard test conditions. Results show that the optimised algorithm precisely predicts the six model parameters. A sensitivity analysis is performed to identify the importance of each parameter in the model. Ideality factor, circuit current and reverse saturation current are found to be the most dominant factor, while shunt resistance is the least important with CPC gain coefficient and series resistance are in between. Transient performance of a PV cell with CPC under variable outdoor climate conditions is also examined by coupling optical, thermal and electrical effects.
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It is known that compound parabolic concentrators (CPCs) can improve electrical performance of a photovoltaic (PV) flat-plate system. However, a lumped electrical model of a PV cell/module with CPC for assessing performance under different operating conditions is unavailable. In this paper, a sixparameter based model is developed and applied to a PV cell, two PV models with CPC, and a PV module with 2D asymmetric CPC (trough). For validation, CPC with a single PV cell and two CPC modules with 2 Â 2 and 9 Â 9 PV cells are fabricated and measured in an indoor laboratory under standard test conditions. Results show that the optimised algorithm precisely predicts the six model parameters. A sensitivity analysis is performed to identify the importance of each parameter in the model. Ideality factor, circuit current and reverse saturation current are found to be the most dominant factor, while shunt resistance is the least important with CPC gain coefficient and series resistance are in between. Transient performance of a PV cell with CPC under variable outdoor climate conditions is also examined by coupling optical, thermal and electrical effects. 
Introduction
Current-voltage (I-V) performance curve of a photovoltaic cell/ module/panel is critical to their efficient operation under various climate conditions. However, presently I-V curve of a PV cell/module/panel is characterised under standard test conditions (STC, e.g. at 25°C cell temperature, 1 kW/m 2 irradiance and AM1.5G solar spectrum) in laboratory. In order to obtain an I-V curve and track the maximum electrical output power at the knee of the curve under other operational conditions, a scaling law or method must to be sought. There have been three different approaches to deal with this problem. The first one is a linear interpolation/extrapolation method, in which the I-V curve of target sunlight irradiance and cell temperature is interpolated according to the STC I-V curve and a measured I-V curve under other conditions (Tsuno et al., 2009; Polverini et al., 2011) . It is important to note that a series resistance is needed in Polverini et al. (2011) to obtain the I-V curve at a target irradiance and cell temperature. The second one is a five-point translation method, in which the temperature and irradiance are correlated to the current and voltage at five points, namely the short circuit, maximum power, two intermediate and open circuit points. Then the five-point positions can be traced at any target irradiance and cell temperature; finally, an I-V curve can be established with these five points (King et al., 2004) . The third one is a lumped model method, in which five (one-diode model) or seven (two-diode model) physical parameters of STC I-V curve are extracted analytically or numerically. The temperature and irradiance are linked to these parameters, and finally, an I-V curve can be established with the updated parameters under a target irradiance and cell temperature. This method is not only simple but also subject to clear physical meanings, so it is increasingly applied in solar energy engineering. Moreover, there have been three methods for extracting the five or seven lumped physical parameters of a STC I-V curve so far. The first method, such as those proposed by Chan et al. (1986) , Villava et al. (2009 ), Lo Brano et al. (2010 , 2012 , Carrero et al. (2010 Carrero et al. ( , 2011 , Zhu et al. (2011) , Ma et al. (2014) , Boyd et al. (2011) , Di Gangi (2013), Lo Brano and Ciulla (2013) , Dobos (2012) and Ding et al. (2014) Siddiqui and Abido (2013) relies on five points that are specified by King et al. (2004) at STC. The third method is a least squares curve fitting technique where a series of I-V points are fitted with the lumped physical electrical model of a PV cell/module/panel by minimising the squared error between predicted and measured currents at all measured voltages to determine five or seven model parameters. To achieve a better curve fitting various optimisation algorithms, namely Newton model in Easwarakhanthan et al. (1986) , Levenberg-Marquardt method in Ikegami et al. (2001) , genetic algorithms in Zagrouba et al. (2010) and Ismail et al. (2013) , pattern search in AlHajri et al. (2012) and AlRashidi et al. (2011) , simulated annealing algorithm in El-Naggar et al. (2012) , bird mating optimizer in Askarzadeh and Rezazadeh (2013) and improved artificial fish swarm algorithm in Han et al. (2014) , have been applied to carry out the minimising procedure. Besides, an analytical approach is proposed to estimate four parameters -ideality, reverse saturation current, series resistance and shunt resistance of PV cell under an irradiance and cell temperature in Kim and Choi (2010) . In Wolf and Benda (2013) , it is shown that the series resistance can be estimated analytically with two points on the I-V curve near the open circuit point, and the other four parameters are decided by means of a multiple linear regression method.
Compound parabolic concentrators CPC are optical devices applied for solar energy collection. CPCs have experienced an extensive development because they can achieve a high level of concentration to maximise insolation and thus to improve solar cell photon-generated current and power production. The design, optical and thermal property analysis of a CPC can be traced back to 1970s (Winston, 1974; Rabl, 1976) . In that time, CPC was considered to be two-dimensional in shape, i.e. a trough. Currently, CPCs can be in three-dimensional shape, namely a polygonal aperture (Cooper et al., 2013) . More recently, asymmetric (Baig et al., 2013 (Baig et al., , 2014 and symmetric (Mammo et al., 2013; Sellami and Mallick, 2013; Baig et al., 2015) CPCs have also found their application in PV cells to increase cell electrical power. However, to the best of our knowledge, there has not been a lumped model available for PV cells/modules/panels with CPC, thus severely restricting the scope of conducting any optical-thermal-electrical multiphysics simulation for CPC optimisation using thermal based CFD software such as ANSYS CFX.
In this article, we develop a six-parameter lumped electrical model for PV cell/modules with CPC and integrate with a 3D heat transfer code, namely ANSYS CFX, to carry out a coupled opticalthermal-electrical multiphysics simulation. Firstly, the sixparameter lumped electrical model for PV cell/module with CPC based on the existing one-diode and five-parameter electrical model with CPC concentration ratio (CR) is presented. Secondly, the optimisation algorithm for the model is verified with an existing ordinary PV cell/module. Thirdly, the model itself is validated against one PV cell and two PV modules measured in our PV indoor laboratory as well as with one PV module found in literature. Then, a sensitivity analysis for the model is carried out to accurately determine the value of the parameters of interest. Finally, the model is integrated into a transient optical-thermal-electrical multiphysics simulation of a PV cell with CPC under an outdoor climate condition.
Experimental procedures
Two modules (2 Â 2 and 9 Â 9) of CPC with a concentration ratio, CR = 3.6, are designed and fabricated, as shown in Fig. 1  (a) and (b) . The profile of the modules is same as that of a single CPC studied in Sellami and Mallick (2013) . These CPC modules are assembled with monocrystalline silicon solar (MSS) cells at the aperture of the CPC to form two PV module units for performing indoor experiment. A film with as high as 0.94 reflectance is attached to the CPC's inside surfaces, and a glass cover is glued respectively on top of the CPC and bottom of the PV cells, as shown in Fig. 1(c) .
The MSS solar cells used are provided by Solar Capture Technologies, UK, with a laser grooved buried contact for a CR < 10. The number of fingers, their thickness and distribution on the solar cell are illustrated in Fig. 1(d) . 10 mm Â 10 mm size silicon solar cells are cut from an original silicon wafer with the bus bar and finger patterns, presented in Fig. 1(e) .
The PV cells and modules without CPC as well as those with CPC are tested under a solar simulator (WXS-210S-20, AM1.5G, made by Wacom Electric Co. Ltd, Japan), respectively, in the indoor PV laboratory of the Environment and Sustainability Institute, in Falmouth Campus of the University of Exeter to get their STC I-V curves. The simulator has Xenon short arc lamps with unique optical filters to generate an AM1.5G solar spectrum which is subject to ±2% spectral matching and ±0.5% temporal instability. The MP-160 I-V curve tracer made by EKO Instruments is used to measure the I-V curve. A reference solar cell SRC-1000-TC is calibrated under the ISO 17025 VLSI standards and utilised to monitor the irradiance when characterising a solar cell. The simulator usually is warmed up until a steady energy flux achieved for measurement.
Additionally, I-V curves of a single PV unit were measured in School of Engineering, Cardiff University (Sweet et al., 2015) . And the third PV module with a dielectric asymmetrical compound parabolic concentrator (ACPC, i.e. a 2D trough) of CR = 2.82 was presented in Sarmah et al. (2010) . Two small PV modules with 6 silicon solar cells, and two parallel strings with three solar cells in series were constructed with and without ACPC. The solar cells were encapsulated with silicon elastomer (Sylgard-184) and ACPCs were placed on top of the solar cells.
The typical I-V curves of the 2 Â 2 and 9 Â 9 PV modules are illustrated in Fig. 2(a) and (b), respectively. It is observed that the modules with CPC are subject to a much higher current with a slightly larger open circuit voltage compared with those without CPC. The proposed lumped physical model to be presented in the next section will facilitate examination of the effects of this on the module performances.
Development and application of the proposed model
It is well-known that a monocrystalline PV cell/module without CPC can be presented by a single diode equivalent circuit with five combined parameters which include photocurrent, I ph , diode reverse saturation current, I d , diode quality factor i.e. ideality factory, n, combined series resistance, R s and shunt resistance, R sh (Chan et al., 1986) . If these five parameters are known, the I-V curve of a PV cell/module can be established by using the following equation and then the maximum power can be determined (Chan et al., 1986; Villava et al., 2009; Lo Brano et al., 2010 , 2012 Carrero et al., 2010 Carrero et al., , 2011 Zhu et al., 2011; Ma et al., 2014; Boyd et al., 2011; Orioli and Di Gangi, 2013; Lo Brano and Ciulla, 2013; Dobos, 2012; Ding et al., 2014) .
in which V and I are the output voltage and current of a solar cell/ module/panel respectively, q is the electron charge and k is the Boltzmann constant. However, these parameters depend on the PV cell/module material, internal structure and operating condition as well as on both radiation intensity and cell temperature in the silicon layer.
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Determining the value of these parameters is thus key to predict the electrical performance of a PV cell/model. At STC, the photocurrent is equal to the short-circuit current I sh0 , and the reverse saturation current, series resistance, ideality factor and shunt resistance are denoted by I d0 , R s0 , n 0 and R sh0 , respectively. Then, Eq. (1) is rewritten as
Note that the various mathematical methods mentioned in the introduction have been proposed to extract the five parameters (I sh0 , I d0 , n 0 , R s0 , R sh0 ) at STC from the PV cells/modules without CPC.
To establish the proposed lumped electrical model for the PV cells/modules with CPC, we first look at the experimental I-V curves of the PV cells/modules with and without CPC under the same radiation intensity (1 kW/m 2 ) at STC (Fig. 2) . The photocurrent is more or less doubled, but the open-circuit voltage changes by less than 10%, suggesting the CPC mainly affects the first term in the right-hand side of Eq. (2). A schematic diagram of the model is illustrated in Fig. 3 , in which the CPC is considered to be an optical amplifier increasing the sunlight irradiance on the active area of a PV cell/module. Note that the cell temperature is 25°C in two separate experiments on the I-V curves of the PV cell/module without CPC and with CPC, so the PV cells/modules with CPC share the same I d0 , n 0 , R s0 and R sh0 , but a different I sh0 with the cells/modules without CPC.
For the mathematical simplicity, we propose that the optical amplifier of CPC to be determined with a gain coefficient, m, so that the photocurrent, as increased by the CPC, is presented in terms of a power function of the concentration ratio and gain coefficient as follows 
But, for the case without CPC, i.e. implying CR = 1, Eq. (4) can restore the case without CPC. Eq. (4) now represents a sixparameter lumped model for a PV cell/module at STC. The six parameters, I sh0 , I d0 , n 0 , R s0 , R sh0 and m in Eq. (4) are determined based on the experimental I-V curves under two conditions; one for a PV cell/module without CPC, and the other for the same PV cell/module with CPC. The trust-region-reflective (TRR) least squares algorithm provided in MATLAB (2015) is employed to optimise the following objective function for the six parameters
where N 1 and N 2 are the numbers of experimental data of the I-V curves without and with CPC, respectively; I 1i and I 2i are the currents calculated from Eq. (4) with a set of temporary six parameters at the ith experimental voltages V Once a set of six parameters are settled, the maximum electrical power is tracked by minimising the following objective function with the same optimisation algorithm as above
where I max and V max respectively are the current and voltage at which a maximum electrical power, P max , is achieved.
Validation of the algorithm
Initially, the optimisation algorithm is validated against the experimental I-V curves of single PV and module without CPC in Easwarakhanthan et al. (1986) . The extracted five parameters and total error, i.e., RMSE (root mean square error) of optimisation defined by the following expression are compared with those obtained by the other nine optimisation algorithms in literature.
Note that Eq. (7) is for the case where the two experimental I-V curves, i.e. one is for a PV cell or module without CPC and the other one is for a PV cell or module with CPC, are used in the parametric optimisation. When the I-V curve of a PV cell or module without CPC is used in the optimisation process, the second term in the right hand side of Eq. (7) disappears and N 2 ¼ 0. Otherwise, i.e. for the I-V curve of a PV cell or module with CPC, the first term from the right hand of Eq. (7) is removed with N 1 ¼ 0. Tables 1 and 2 present these results for the PV cell and PV module respectively. It is seen that the parameters extracted by using the TRR least squares algorithm are similar to those obtained by the others, but with an even smaller error. Only two parameters, such as I d0 and R sh0 , show some variation across the various algorithms, and overall Tables 1 and 2 demonstrate the TRR algorithm is applicable and suitable for the parameter optimisation for both the PV cells and modules. 
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Extraction of the six parameters
Six parameters of a PV cell and three modules with CPC are determined based on their experimental I-V curves. The I-V curves of the single PV cell with and without CPC were presented in Sweet et al. (2015) , while the I-V curves of the two PV modules, namely 2 Â 2 and 9 Â 9 modules, are measured in this work. The single cell and modules share the same CPC profile, as already shown in Fig. 2 . The six parameters extracted are tabulated in Table 3 and the I-V curves predicted are compared with the experimental observations in Fig. 4 . The predicted I-V curves show good agreement with the measurements for the PV cell and modules with and without CPC. For the PV module with ACPC in Fig. 4(d) , however, the agreement is slightly poor, especially when the module is without ACPC in which a solid transparent di-electrical medium is filled (Sarmah et al., 2010) . In that case, the PV modules with and without ACPC share the same open-circuit voltage, thus having difficulty in the curve fitting.
Apparently, as seen in Table 3 , the six parameters determined are different from the solar cell to module and also reflect with the change in number of solar cells and arrangement. For example, for a CPC, the gain coefficient can be as high as 0.94, but that for an ACPC (2D trough) is just around 0.48, thus showing the former has an excellent optical performance with a resulting good electrical behaviour. In this case, both the I-V curves of the PV cells/modules with and without CPC are utilised in the curve fittings to extract the six parameters. Two additional cases are also investigated based on the I-V curve of a PV cell/module with and without CPC only and the parameters extracted are respectively shown in Tables 4 and 5. Comparison between the results of Tables 3 and  4 demonstrates that the six parameters extracted from the single I-V curve of a PV cell/module with CPC are in reasonable agreement with those from the two I-V curves of the PV cell/module with and without CPC. The five parameters extracted from the single I-V curve of a PV cell/module without CPC in Table 5 are also close to those in Tables 3 and 4 . Therefore, this finding confirms that the model proposed here is reasonable since CPCs do not alter the PV cell structure and materials. The radiation intensity may be non-uniformly distributed over the PV cell surface when a CPC is on its top, so there is some difference in values for the parameters extracted from the different I-V curves.
Moreover, the least squares procedure to determine the six parameters in the case, where a single I-V curve of a PV cell with CPC is used, is not robust enough compared with the case with two I-V curves which are fitted simultaneously. Because the number of scattered points in a single I-V curve is nearly less than half of those in the two I-V curves. Thus, it is suggested that in order to obtain a more meaningful set of parameters, two I-V curves of a PV cell/module with and without CPC should be fitted together.
Sensitivity analysis
A sensitivity analysis is performed to demonstrate the contribution of each parameter to the electrical current or power, and subsequently, they can be ranked from the most important to the least. The most important parameters are determined at the most accuracy, or vice versa. Here the electrical current partial derivatives with respect to the six parameters are derived as follows ABSO-artificial bee swarm optimisation, BMO-bird mating optimisation, GA-genetic algorithm, GGHS-groped-based global harmony search, HS-harmony search-based algorithm, IGHS-innovative global harmony search, PS-pattern search, NLSO-nonlinear least-squares optimisation algorithm-Newton model modified with Levenberg parameter, SA-simulated annealing, TRR-trust-region-reflective algorithm in MATLAB. GA-genetic algorithm, PS-pattern search, SA-simulated annealing, NLSO-nonlinear least-squares optimisation algorithm-Newton model modified with Levenberg parameter, SA-simulated annealing, TRR-trust-region-reflective algorithm in MATLAB.
Table 3
Parameters extracted from the six-parameter model for the PV cell/module with CPC. The I-V curves of PV cell/module without and with CPC are used simultaneously. 
Table 4
Parameters extracted from the six-parameter model for the PV cell/module with CPC. The I-V curve of PV cell/module with CPC is used only. Table 5 Parameters extracted from the five-parameter model for the PV cell/module without CPC. The I-V curve of PV cell/module without CPC is used only. 
These partial derivatives for the four cases as shown in Table 3 are calculated in terms of the electrical current after the completion of an optimisation procedure in which the six parameters in Table 3 are imposed to Eq. (8). Then a 10% perturbation is introduced to each parameter to get the six corresponding increments in the electrical current determined by DI F ¼ ð0:1 Â FÞð@I=@FÞ, where F represents a generic parameter. Obviously, if a parameter results in a larger magnitude in the increment, it can have a more important influence on the current and subsequently, will impact the objective function expressed by Eq. (5) more significantly. If a parameter has a greater influence on the objective function, it will be determined more easily and accurately. To evaluate this mathematical property of the six parameters, we rank these from the most important to the least important according to the magnitude of the increment of every parameter. Obviously, the parameter with a higher rank will be decided more precisely in the optimisation process than with a lower rank. These increments in electrical current of the single PV cell with CPC, the PV modules with 2 Â 2, 9 Â 9 CPC and trough are illustrated as a function of voltage in Fig. 5 . The increments due to the change in n 0 , I sh0 and I d0 are larger in magnitude than the increments caused from the rest, thus showing n 0 , I sh0 and I d0 have more important influence upon the electrical current. Based on the absolute magnitude of those increments, the ranking lists in the four cases are shown below from the most to least important,
Fig . 5 . Increments of electrical current with respect to 10% perturbation in the six parameters presented in Table 3 for the single PV cell, the PV module with 2 Â 2, 9 Â 9 CPC and trough.
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Moreover, since n 0 , I sh0 and I d0 make the most dominated contribution to the current, they can be determined with most accuracy. While, R sh0 is decided with the least accuracy on account of the tiniest contribution to the current, m and R s0 are determined with a reasonable accuracy. Furthermore, it has been observed that R sh0 changes least and its value demonstrates having the minimum effect on the current during the optimisation procedure. This thus requires that the initial value of R sh0 should be given as close as possible to its true value. Two additional methods are applied to determine this value. Firstly, by conducting a linear regression against 3-5 I-V points near the short circuit point the slope of dI=dV is calculated to obtain R sh0 % À 1 dI=dV (Chan et al., 1986 ). An average value of the two R sh0 , each based on the I-V curves of the cell/module with and without CPC is used as an initial condition for R sh0 in the optimisation procedure, determined by Table 6 The lower and upper limits of six parameters during their optimisation process. 
Secondly, a relationship between R sh0 and R s0 is established using the following expression and applied in the optimisation procedure. Based on the experimental and calculated results for the PV modules in Ding et al. (2014) , we found out that the ratio R sh0 =R s0 could be correlated to the measured short circuit current I sc as R sh0 =R s0 ¼ 607:19 expð0:1654I sc Þ ð 11Þ
Additionally, if the slope of the I-V curves of cell/module with and without CPC is quite different, Eq. (11) should be taken into account. Finally, the lower and upper limits of the six parameters are presented in Table 6 during the optimisation of six parameters.
Integration of the model with multiphysics analysis
To characterise both the thermal and electrical performances of PV cells or modules with CPC under outdoor condition with variable sunlight radiation intensities, wind speed as well as ambient temperature, it is important to carry out a coupled optical, thermal and electrical simulation. Coupled optical and thermal heat transfer performance of CPC under both steady-state (Li et al., 2015a) and transient (Li et al., 2015b) conditions were previously studied by a CFD method; however, the electrical effect was ignored. Considering an isolated CPC with solar cell, as in Li et al. (2015a Li et al. ( , 2015b and shown in Fig. 6(a) , the solar radiation power consumed for generating the electrical power is supposed to be equivalent to the heat sink in the solar cell. The sink intensity is then determined by the maximum electrical power generated by the cell using s h ¼ ÀP max =V cell , where V cell is the cell volume, and applied to the 
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heat transfer equation in the PV cell layer. This thus suggests that the cell/module always works at its maximum power point by making use of a PV tracer. If this is not the case, P max can be replaced with the electrical power at another operating point and the flowchart shown in Fig. 6 (b) illustrates this electrical and thermal coupling. However, it is worth noting that the absorbed solar radiation by a flat PV panel, applied to the heat transfer equation as a mechanism to generate an internal heat, is calculated from the panel volume, PV cell efficiency and cell volume (Siddiqui et al., 2012) . This method is not used here. Instead, the solar radiation is directly applied to the top glass cover but the electrical power generated is regarded as a heat loss in terms of a negative heat source based on the energy balance point of view. This means that part of the solar energy will be consumed by this source for generating electricity. The transient performance of CPC with PV cell results from outdoor climate conditions, with ambient temperature, sunlight radiation intensity and wind speed. The electrical lumped model proposed above is applicable only at the STC. To extend the model into a variable outdoor condition, a scaling law for the six parameters is desirable by which the six parameters under outdoor conditions will be determined, and in turn the corresponding I-V curves and the maximum electrical power can be obtained. The well-established two scaling laws for flat-plate PV cells/modules can be found in Dobos (2012) , Ikegami et al. (2001) , Siddiqui et al. (2012) and De Soto et al. (2006) . In those laws, series electrical resistance and ideality remain constant, and photocurrent is related to both the radiation intensity and cell temperature. But the diode reverse saturation current is dependent on the cell temperature, whilst the shunt resistance depends on the radiation intensity only. Combining the scaling laws in Dobos (2012) , Siddiqui et al. (2012) and De Soto et al. (2006) and considering the gain coefficient as constant, the following scaling laws are developed
where E g is the band-gap energy of PV cell, E g0 ¼ 1:121 eV used for the diode silicon layer at STC (Dobos, 2012) , and l is the temperature coefficient of short circuit current, l ¼ 1:6 Â 10 À4 A=K. The solar radiation spectrum depends on the path which a solar radiation travels through the atmosphere. Therefore, performance of a PV cell/module is related to that optical path. The air mass coefficient is defined by the direct optical path length through the Earth's atmosphere over the path length vertically upwards at the zenith. The coefficient depends on the solar radiation incident angle to the normal to the Earth's surface, i.e. solar zenith angle. At the STC, the air mass coefficient is referred to AM1.5G at 48.2°solar zenith angle. AM1.5G represents the overall yearly average for mid-latitudes. The air mass effect is excluded from the scaling laws, concerning a daily change in the solar radiation. The six parameters of the single PV cell, shown in Table 3 at STC, are adopted and the objective function presented with Eq. (6) is optimised by using the TRR algorithm to determine the maximum electrical power under each variable climate condition. The physics models in the transient simulations include the sunlight beam reflective and refractive laws and radiation transport equation, heat conduction equation and laminar 3D Navier-Stokes equations, and their details can be found in ANSYS (2014). The materials of the CPC and solar cell, namely the top glass cover, two encapsulant layers, silicon layer and back glass cover as well as the air trapped in the cavity of the CPC are regarded as a grey and participating medium. The optical, radiative and thermal properties of those materials are independent to temperature and tabulated in Table 7 .
The heat conduction equation in the two glass covers and three layers of the sylgrad and solar cell and the unsteady 3D NavierStokes equations inside the cavity of the CPC are solved by making use of a finite volume method. The solar radiation intensity, S, ambient temperature, T a , and wind speed, v, in the outside condition were monitored in Ortiz-Rivera and Feliciano-Cruz (2009) with the clock time, t. To facilitate the reading by ANSYS CFX, these data are fitted by using a least squares method, and the following correlations are obtained: 
A comparison is also made in Fig. 7 between the monitored data and the estimates with Eq. (14) where a satisfactory agreement is received. A higher wind speed gives rise to an increased forced Fig. 8 . Cell temperature and maximum electrical power under variable radiation intensity, ambient temperature and wind speed of a day at various iteration numbers of coupling, (a) cell temperature, (b) maximum power. D R A F T convection heat transfer coefficient over the outside surfaces of the CPC and solar cell. Based on a known wind speed, the forced heat transfer coefficient is determined by means of the Duffie correlation (Duffie and Beckman, 2013) h ¼ 5:7 þ 3:8v ð14Þ
All the outside boundary surfaces are subject to a constant emissivity with variable air temperature and heat transfer coefficient described by Eqs. (13) and (14) . The variable radiation intensity in Eq. (13) is imposed on the top glass cover under the 0°i ncidence by considering the CPC controlled by a tracking system. The initial velocity in the air cavity of CPC is set to zero, and a uniform temperature of 293.15 K is used as the initial temperature field; the initial radiation field is established with the StefanBoltzmann equation for back body at 293.15 K. A transient simulation is started at 06:00 and finished at 17:00 with a constant trade-off time step of 7.5 min.
Monte Carlo method is applied to solve the sunlight propagation into the participating media: air, glass, sylgard, silicon with a total of 200,000 number of histories under 64 target coarsening rate and 20,000 number of small coarse grid size. During the simulation process, the thermal and radiation energy equations are coupled and the fluid flow governing equations are solved for each of the 30 iterations (Li et al., 2015a) . Moreover, a mesh dependency study on the simulated results suggests that the mesh size with 105,660 nodes and 82,309 hexahedral elements is sufficient enough to resolve the transportation fields and thus used in the simulations. Using a finer mesh with 176,054 nodes and 147,372 elements, it was found that the average temperature on the bottom surface of the CCPC and the back glass cover increased by only 1.2% and 0.5% respectively.
The PV cell temperature and maximum electrical power predicted under the variable solar radiation intensity and ambient temperature, as well as wind speed prescribed by Eq. (13) are illustrated in Fig. 8 in terms of the clock time at three couplings between the six-parameter electrical model in MATLAB and the CFD multiphysics simulation in ANSYS CFX. Both the cell temperature and maximum power show a significant change in the 1st coupling compared with those without the thermal and electrical coupling. Once the CFD and electrical model are coupled, the convergence of the temperature and power is very quick, suggesting that the three couplings are adequate.
While, comparing with the uncoupled case, the converged coupling case exhibits a more uniform temperature profile on the top glass cover, whilst the profiles on the remaining surfaces remain the same as those in the coupling case, see Fig. 9 . The air flow patterns are found to be quite similar in both the cases, but with a higher magnitude of the air velocity in the uncoupled case than that in the coupled case, because the cell temperature in the former is about 10°C above the latter one. It is shown that the optimisation algorithm used for extracting the six model parameters is more feasible and accurate compared with the existing algorithms for the five-parameter model for PV cells/modules without CPC. The ideality factor, short-circuit current and reverse saturation current are the most dominated parameter, whereas the shunt resistance is the least important, and the series resistance and CPC gain coefficient are in between.
Finally, the six-parameter model is successfully integrated with the transient multiphysics simulations in ANSYS CFX and MATLAB and the coupled optical-thermal-electrical performance of CPC with PV cell under outdoor climate conditions is investigated. The convergence of coupling is so rapid that the three-time couplings are sufficient. Additionally, two proposals are made to determine a reasonable range of the shunt resistance.
